Alpha-particle losses due to the resonant magnetic field perturbations (RMPs) created by the coil system for Edge Localized Mode mitigation in ITER are studied numerically. If shielding of RMPs by the plasma is not taken into account, passing α-particles are the main loss channel which, together with the trapped particle contribution leads to a loss of more than 5 % of fusion alpha particle power. Shielding of RMPs practically eliminates this channel so that the overall losses are reduced to about 1 %.
I. INTRODUCTION
Resonant magnetic field perturbations (RMPs) produced with a special coil set can be successfully used for mitigation of Edge Localized Modes (ELM'S) in tokamaks what has been demonstrated experimentally on DIII-D 1 and JET 2 . They are considered as an ELM mitigation tool in ITER 3 . If such RMPs are considered ignoring the effects of the plasma ("vacuum" RMPs), they can cause ergodization of the magnetic field in a significant part of the plasma volume, which should result in a noticeable reduction of the energy confinement time 4 . Such strong ergodization should also have a negative effect on the confinement of fast passing particles, in particular, of fusion α-particles. However, the reduction of energy confinement time predicted from the vacuum RMP model is not observed experimentally 4 .
One of the most likely reasons is that the perturbations are strongly shielded by plasma response currents at resonant rational magnetic surfaces 5 . Predictions of such shielding by linear kinetic 5 and drift MHD 6 models agree by order of magnitude. As a result of the shielding, the island width which follows from the vacuum model for the perturbation field is reduced up to two orders of magnitude. This reduction comes from the strong drop of the radial component of the perturbation field in a narrow region around the resonant surface where this component has a minimum. Due to their cross-field drift, passing α-particles do not stay on magnetic surface, and, therefore, for resonant orbits, they may experience noticeably higher values of the radial magnetic field than its value at the rational magnetic surface. Therefore, the topology of such orbits is more sensitive to RMPs than the topology of field lines.
In the following, orbit topology and particle losses are studied for the 15 MA ITER QDT = 10 scenario with perturbation coil system [7] [8] [9] with the help of the magnetic field model used in Ref. 5 . This model has been used earlier for the estimation of RMP effects on the magnetic configuration in the presence of a plasma typical for experiments on ELM mitigation in DIII-D. In this model, the realistic axisymmetric equilibrium magnetic field for the 2D tokamak geometry and the realistic 3D vacuum RMP field is coupled with the 1D linear kinetic model of RMP shielding in screw pinch geometry. The resulting 3D shielded perturbation field is added to the 2D equilibrium field and the total field is used for the computation of the orbits. This model is described in Section II. In Section III the topology of field lines and passing α-particle orbits for the vacuum RMP model and for shielded RMP model is studied with help of Poincaré mapping. In Section IV passing and trapped α-particle losses are computed. Results are summarized in Section V.
II. MAGNETIC FIELD MODEL
The magnetic field is given as a superposition of the unperturbed field and the perturbation field, B = B 0 +B where the unperturbed (axisymmetric) magnetic field is given by
Here, B 0ϕ is the co-variant toroidal magnetic field component (constant in the low pressure approximation) and A 0ϕ = −ψ pol is the co-variant toroidal component of the vector potential which are the standard output of tokamak equilibrium codes.
In absence of a plasma, the perturbation fieldB is fully determined by the currents in the perturbation coil system via the Biot-Savart law. In the present study, the modelling is done for the coil system and coil currents taken from Refs. 7,8. Such coil system for ITER consists of 9 toroidal sectors containing 3 coils each (see Fig. 1 ) denoted as upper (u), equatorial (e) and lower (l). The particular mode considered here is characterized by the following currents in these coils,
I
(c)
where s = 1, . . . , 9 is the sector number, (c) = (u), (e), (l) is the coil type, the amplitude of the current is I A = 90 kA, the sector period is ∆ϕ = 40 o , and phase shifts for various coil types are ∆ϕ (u) = 54 o , ∆ϕ (e) = 0 o and ∆ϕ (l) = −64 o . For the perturbation mode n m = 4 the toroidal spectrum of the current essentially consists of the modes with n = 4 + 9k and n = 5+9k where k is an integer. Other modes with much smaller amplitudes are also present in the spectrum because the discrete symmetry of the sectors is violated by the different current feeds of the lower coil in sector 2. Although this violation is small, periodicity of the coils with period number 9 has not been assumed in the present computations.
A. Vacuum perturbation field
For a fast numerical evaluation, the perturbation fieldB computed with the Biot-Savart law is represented in cylindrical coordinates (R, ϕ, Z) through vector-potential components,
whereĀ ϕ andB ϕ are independent of the toroidal angle ϕ and the componentsÃ R andÃ Z have zero toroidal average. These components are expanded in Fourier series over ϕ, and the coefficients of this series are used in the form of 2D spline interpolation of the pre-computed data on the (R, Z) grid. Such a representation is divergence-free up to computer accuracy and, in addition, is helpful for the analysis of the perturbation field in flux coordinates.
In symmetry flux coordinates (ψ tor , ϑ, ϕ) being the toroidal flux, poloidal and toroidal angles, respectively, which are constructed numerically from the equilibrium field data, the nonaxisymmetric part of the perturbation field takes the form
The componentÃ ψtor does not modify the magnetic field topology because this small term can be iteratively absorbed into the flux coordinates. In turn, the componentÃ ϑ determines both the topology of the total field and the resonant response currents. Representing the components of the perturbed vector potential in the form of a Fourier series,
the Fourier amplitudes A ϑ;m,n and A ψtor;m,n in the absence of plasma response currents are computed by numerical integration ofÃ R andÃ Z along the unperturbed field lines 5 .
B. Account of shielding
To account of plasma response currents, the Fourier amplitudes are expressed through the amplitudes in vacuum and the "formfactors" T m,n as follows,
For the estimation of the formfactors in the presence of plasma response, the model of an inhomogeneous periodic plasma cylinder with rotational transform (screw pinch) is used. In this estimate, the formfactors for various Fourier modes are set to the respective formfactors in the screw pinch tokamak model,
where r = 2ψ tor /B axis is the effective radius and B axis is a reference magnetic field. The
Fourier amplitudes of the magnetic field components in the cylinder, B r;m,n , are computed numerically using the linear kinetic model introduced in Ref. 10 
are solved for a cylindrical plasma surrounded by an ideally conducting wall at r = r W .
Perturbations are excited by the "antenna" at r = r A < r W . The position of the antenna has no effect on T m,n as long as the plasma density and the equilibrium plasma current at the antenna are negligibly small. The same is true for the wall position if the wall is distant enough from the plasma,
where r p is radius of the separatrix. For quasi-static perturbations, the conductivity of the wall is negligibly small and formally one has to place the ideally conducting wall at infinity.
However, poloidal modes m which are resonant in the plasma are large for the coil spectra of interest here, such that condition (9) is well satisfied even with rather moderate r W values.
The plasma response current density in (8) is computed from
where the perturbed distribution functionf satisfies the linearized kinetic equation
Here f 0 is an equilibrium distribution function consistent with plasma and equilibrium magnetic field parameter profiles, taking toroidal plasma rotation into account and assuming that poloidal rotation velocity is zero, Φ 0 is the equilibrium electrostatic potential andL C models Coulomb collisions. In more detail, the equilibrium is specified by the radial profiles of density n e , electron temperature T e , ion temperature T i , toroidal rotation velocity V z , safety factor q, and by the on-axis magnetic field value B 0 (0). The parallel plasma current, 
where the velocity space variables are the total energy w and the perpendicular adiabatic invariant J ⊥ . In a common transport ansatz, the zero order distribution function is a local Maxwellian,
Ignoring the magnetic drift in the guiding center velocity,
linearization of (12) with respect toB leads to
where
, and the thermodynamic forces are
Substituting the solution to (15) into (10), the parallel perturbation current is obtained as
This current is peaked at the resonant surface where
i.e., the current is driven by the magnetic Lorentz force arising from the perturbation field and the moving fluid, a result which is also seen in MHD theory. 12 Here and below subscript ⊥ refers to the perpendicular component of the vector within the flux surface. Due to the mass ratio, the electron current is much larger then the ion current, especially in the hot core where ω E may be higher than the electron collision frequency. Away from the resonant surface where Z becomes small due to increasing k , the current is decreasing
The width of the current layer where Z ≥ 1 is rather small. E.g., for ω E > ν c this width is
where ρ is the Larmor radius and R is the major radius of the torus. The current in this layer shields the perturbation field, and the main shielding results from the electrons because the total current of a given species contained in the layer between the resonant surface and the coil scales inversely with the square root of mass. This immediately follows from the estimate of the current amplitude (18) and its width (20) .
Generally, the current density (10) toroidal geometry is ignored in the cylindrical model used here. This coupling provides corrections which are relatively small in the core plasma being of the main interest for α-particle confinement. Since the deviation of α-particles from the magnetic surfaces is much larger than this scale, one can expect that the effect of RMPs on α-particle orbits is much stronger than the effect on magnetic field lines. In addition, Larmor gyration of α-particles also reduces the effect of plasma shielding of the RMP field for the orbits. This relatively small effect, however, is not considered below where the α-particle motion is modelled in the usual drift approximation.
Drift orbits of passing α-particles can be presented as the lines of force of the effective magnetic field B * (see Ref. 14) where
Here, e α , m α and ω cα are α-particle charge, mass and cyclotron frequency, respectively.
Parallel velocity v in (21) must be expressed in terms of invariants of motion being the total energy w and perpendicular invariant
where σ = ±1 is the velocity sign. For the analysis of orbit topology, Poincaré mapping of the effective magnetic field (21) has been performed for strongly passing particles with J ⊥ = 0 ignoring the electrostatic potential Φ 0 which is important for bulk plasma particles but provides a negligible correction for high energy α-particles. In this case, v = ±v 0 where v 0 is the velocity of 3.5 MeV α-particle. For simplicity, the perturbation field has been taken into account only for the first term in the right hand side of (21) . The neglected small term could be important for trapped particles since it describes toroidal field ripple due to the perturbation field. However, it provides just a minor correction for passing particles, and this approximation does not lead to non-Hamiltonian features of the orbits.
The results of Poincaré mapping are shown in Fig. 5 . In all cases there is a visible difference between Poincaré plots for co-and counter-passing particles which is pre-determined by the difference in the unperturbed orbits which is induced by the radial drift in the toroidal field (see lower plots in Fig. 5 ). Such a difference has been demonstrated earlier in Ref. 15 for the vacuum perturbation field of TEXTOR-DED. As expected, the effect of shielding on particle orbits is weaker than on field lines. Relatively large drift islands corresponding to low order resonances can be observed for counter-passing orbits in the presence of the shielding by the plasma. Nevertheless, this shielding is sufficient to limit the size of the region occupied by ergodic orbits significantly. Moreover, islands are practically absent for the co-passing orbits.
To study the reduction of the shielding effect for the orbits it is useful to introduce symmetry flux coordinates ψ * tor and ϑ * associated with the effective magnetic field B * 0 . In these coordinates, the spectrum of the perturbation field produced by a single harmonic (m, n) in usual flux coordinates (which produces a single magnetic island chain) is determined by Fourier expansion over ϑ * of the poloidal vector potential component A ϑ,mn (ψ tor ) exp(imϑ) with substitution ψ tor = ψ * tor + ∆ψ(ψ * tor , ϑ * ) and ϑ * ≈ ϑ. Here we ignored the difference between ϑ * and ϑ which is the same order correction with the banana width correction ∆ψ because of the stronger variation of the perturbation field with ψ tor near the resonance.
Thus, besides the increase of the amplitude of the main harmonic (m, n) discussed above and illustrated in Fig. 6 there appear also sideband harmonics due to the coupling of the periodic function ∆ψ with the exponent through the dependence of A ϑ,mn (ψ tor ) on the argument.
The largest sidebands correspond to m ± 1. In Poincaré plots of passing orbits with the single perturbation harmonic m = 6, n = −4 (upper plots in Fig. 7 ) one can see both, the island chain due to the main harmonic and due to the sideband m + 1 = 7 whose resonant surface is located outside the main resonance surface. The other nearest sideband m − 1 = 5 located inside is practically absent because of shielding. Note that the main island chain for the counter passing orbit is visibly smaller than for co-passing since deviation of this orbit to the outer side of the main resonant surface where the perturbation field is strong is smaller (see Fig. 6 ). A similar behavior is seen also for the mode m = 5, n = −4 (middle plots in Fig. 7 ). It is remarkable that for superposition of these two modes (lower plots in Fig. 7 ) the island chain m = 6, n = −4 nearly vanishes for the co-passing orbit and is amplified for the counter-passing because in the first case the main resonant harmonic for the m = 6, n = −4 perturbation mode is nearly cancelled by the sideband m + 1 for the m = 5, n = −4 mode while in the second case the sign of the sideband is opposite, and this harmonic is amplified.
This feature results in very different topology of co-and counter-passing orbits in the core plasma for the full coil spectrum (middle plots of Fig. 5 ).
IV. PARTICLE AND ENERGY LOSSES
For the quantitative evaluation of α-particle losses, particles are split into three classes as follows. Note that the maximum value of the magnetic field seen by the passing particle during a poloidal turn is increasing when it travels outwards. Therefore, the part of the particles which are passing in the usual sense will be trapped on their way out. Introducing the normalized perpendicular invariant, η = J ⊥ e α B 
A. Passing particles
The standard procedure for the evaluation of α-particle losses for realistic 3D magnetic fields 16 assumes numerical tracing of drift orbits for a relatively large ensemble of particles representative for all α-particles in the device. These particles must be followed for a time comparable with the α-particle slowing down time by electrons which is of the order of one second in ITER (see Fig. 8 ). Naturally, this results in rather large CPU time requirements.
To speed up the computations of passing particle losses, in the present study an interpolated cell mapping procedure [17] [18] [19] has been applied which had been successfully used earlier for the modelling of run-away electron confinement 17 , 3D MHD transport modelling of the plasma edge 18 , and long mean free path transport modelling in stellarators 19 . Within this procedure, α-particles are traced by their footprints on Poincaré cuts which are the poloidal cuts ϕ = const cutting the torus in each field period. Cylindrical coordinates (R, Z) of the particles on the cut are subsequently mapped through a period as follows,
where the mapping functions R (R, Z) and Z (R, Z) are used in the form of interpolation of their values pre-computed on the rectangular grid of starting values (R, Z) by direct orbit integration over a field period. In addition to these functions also the single return time to the Poincaré cut, τ b (R, Z), and the normalized slowing down rate r s (R, Z) = τ b /τ s are interpolated (here τ s = τ s (R, Z) is the α-particle slowing down time by electrons) and are summed up during the mappings. These sums determine the life time of the test particle, τ b , and the fraction of the initial particle energy carried away by the particle, exp (−2 r s ). Since in the presence of RMP shielding by the plasma the magnetic field has a rather steep behavior with respect to the flux surface label near the resonant flux surfaces, in the present work 5-th order 2D Lagrange polynomials are used for interpolation, in contrast to Refs. [17] [18] [19] where bi-cubic splines have been used. This reduces the memory requirement by a factor 16 as compared to bi-cubic splines for the cost of some not very significant slowing down of the computations. Such a procedure allows to follow 10 5 orbits for several million full turns around the torus what is sufficient to cover a few slowing down times. Therefore, the ergodic region at the edge can be resolved in sufficient detail. In order to cover the whole passing particle population separate mappings have been performed for a set of η values.
In Fig. 9 are shown as functions of time after birth the lost fraction of particles born with trapping parameter η at the flux surface with label s, p
L (η, s) lost together with these particles. Plots correspond to two different flux surfaces and strongly counter-passing particles (η = 0). These fractions have the meaning of loss probability averaged over the volume between two neighboring flux surfaces with the weight equal to the Jacobian of the momentum space variables
L which develops for times t comparable or larger than slowing down time is due to the energy transfer to bulk plasma electrons before particle loss. This difference is rather small for the vacuum perturbation field where particles are lost promptly almost with their initial energy, but it is large for the shielded field where particles diffuse to the wall for a long time sufficient for thermalisation of the major part of their energy. In L are close to each other, i.e. practically all α-particles born at s > 0.6 are lost to the wall almost with their initial energy. Note that dips on the p L profiles correspond to the residual islands in the ergodic layer where a small part of the alphas is confined (compare to Figs. 4 and 5) . In the plasma, the loss region is significantly reduced by shielding. This reduction is strongest for "field lines" and is different for co-and counter-passing particles.
been started on several unperturbed flux surfaces evenly distributed over the volume between two neighboring surfaces and with isotropic momentum space distribution in the trapped particle domain and followed during 100 ms. These losses have been estimated only for the vacuum perturbation case. In Fig. 11 is shown the dynamics of particle loss probability averaged over trapped particle domain,
, with B
(brt) min being the minimum magnetic field value at the birth surface. This losses are also prompt, i.e. main losses occur within first 10 ms where the slowing down is not significant (therefore p L tr for trapped particles in the following). At the same time, the loss probability in the core plasma is significantly smaller than the equivalent probability for passing particles in vacuum. In Fig. 12 the distribution of p are not sensitive to the magnetic field topology, shielding effects are not expected to reduce these losses significantly.
C. Total losses
Total losses are determined by both, loss probability and spatial α-particle source distribution which is shown in Fig. 8 by distribution over the flux surface label s of the fusion power in α-particles computed for 50% d-t mixture as
Here, √ g is metric determinant of coordinates (s, ϑ, ϕ), n d , n t , σv d−t and E 0 are deuterium and tritium densities, transport cross section of d-t reaction (see, e.g., Ref. 21 ) and initial α-particle energy, respectively. Profiles of ion density and temperature entering (25) are the same as in the previous computations of this paper (see Fig. 2 ). The total power loss is given as
The quantityp (e) L,class for passing particles is given bȳ
were the summation is over velocity sign σ, for trapped particles bȳ L,class are shown in Fig. 13 . Note the strong reduction by shielding of the passing particle contribution which is the main loss channel in vacuum. Finally, the results of integration of different contributions to the power loss in (26), both the absolute values and the values normalized by the total fusion power in α-particles which is equal to P α = 91 MW are summarized in Table. I.
V. SUMMARY AND DISCUSSION
In this study, α-particle losses caused by ELM mitigation coil system in ITER have been estimated for the vacuum RMP model and for the model taking RMP shielding by the plasma into account. As one could expect, shielding of RMPs strongly reduces the width of the region at the outer side of the plasma volume occupied by ergodic passing α-particle orbits. This reduction, however, is smaller than such a reduction for magnetic field lines and it is different for co-and counter-passing orbits. Nevertheless, it is sufficient to prevent noticeable losses predicted by the vacuum RMP model. Indeed, as follows from Table I , the main channel of losses in the vacuum approximation for the perturbation field is the loss of passing particles which cause 4.7 % loss of α-particle fusion power. Together with the trapped particle contribution, α-particle fusion power loss exceeds 5 % with particles being lost without significant slowing down by electrons. If the shielding of RMPs is taken into account, the passing particle channel of losses is practically eliminated.
It should be noted that external magnetic field perturbations can also be amplified by the plasma. E.g., this happens if perturbation spectrum couples to marginally stable perturbations which produce kinklike distortions of the plasma 22 . In particular, an amplification of the perturbation field at the plasma edge has been suggested as a most probable explanation 
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